Burch-Schneider cages are often used for the treatment of acetabular bone defects. In several clinical studies these cages have shown good mid-to long-term results. However, a higher failure rate has been reported in large Paprosky IIIB defects compared with smaller Paprosky II-IIIA defects. This study aims to investigate the effect of cage support on cage failure by means of finite element analysis. The Von Mises stresses in both the implant and the bone are analyzed for a Burch-Schneider cage used in the following scenarios: (1) a large acetabular bone defect, (2) a small acetabular bone defect and (3) a large acetabular bone defect in combination with a reinforcement plate. The results show that implant and bone stresses are higher in the large defect (99th percentile of 146.6 and 73.5 MPa respectively) than in the small defect (99th percentile of 43.9 and 47.9 MPa respectively). Adding a reinforcement plate to posteriorly support the cage decreases the stresses but not fully compensates for the missing bone support (99th percentile of 93.1 and 55.3 MPa respectively). Since high stresses cause an increased risk for fatigue failure and implant loosening, sufficient implant support is required to reduce the risk of cage failure.
Introduction
Implant fracture and aseptic loosening are common failure modes in hip arthroplasty. They can be caused by screw breakage, bone resorption, fractures and infections [1, 2] . Besides pain, implant failure often leads to an enlargement of the bone defect. To restore the function of the hip, a complex revision surgery is required. Removing the old components and reconstructing the enlarged bone defect may involve a high complication risk for the patient and a high financial cost for the medical institution. Therefore, a durable surgical treatment should be selected for each patient from the beginning.
In the last 30 years, the Burch-Schneider cage has been widely used to reconstruct acetabular bone defects [2] . This type of anti-protrusio cage is often used to bridge bone defects with a perforation of the medial wall. The BurchSchneider cage is made of pure titanium (Protasul Ti) [1] and consists of a hemispherical shell with an inferior and a superior flange. The inferior flange is impacted into a prepared slot in the ischial bone while the superior flange is fixed with screws to the iliac bone. The impaction into the ischium assures a rotationally stable implant. For a better bone contact of the implant, the flanges of the cage can be preoperatively bent according to the anatomical shape of the bone. After insertion, a cup insert is cemented into the hemispherical shell of the cage [1, 2] .
The Burch-Schneider cage has shown good results at mid-and long-term in the treatment of acetabular bone defects. Regis et al. [3] reported a survival rate of 80% (52/65) for an average of 14.9 years follow-up. Sembrano et al. [4] demonstrated a 5-year loosening-free survival rate of 80.7% for 72 cage reconstructions. Lamo-Espinosa et al. [5] showed a 79% survival rate at 10 years after implantation in 16 hips. The study of Hsu et al. [6] indicated a 5-year survival rate of 76% in 31 cage reconstructions. However, these studies do not separately report results for defects of different Paprosky classification [7] . Other clinical studies on the contrary show a higher failure rate in bone defects of class Paprosky IIIB compared to smaller bone defects: Perka et al. [8] found a direct correlation between Burch-Schneider cage migration and posterior column defects in increasing Paprosky stages. Udomkiat et al. [9] determined that Burch-Schneider cage migration also correlated with the amount of superior support from the ilium. Paprosky et al. [10] reported a failure of 7/11 (63.6 %) ilioischial acetabular systems in type IIIB defects, because insufficient host bone was available to support a cage.
To improve cage stability in large and uncontained bone defects, surgeons may use a defect-filling structure that provides additional support to a Burch-Schneider cage. Structural allografts are commonly used in defects with severely degraded acetabular bone stock [6, 11, 12, 13] . A disadvantage of allografts is the complex surgical procedure they require to shape and fit the allograft to the bone defect. Moreover, without sufficient host bone, allografts may degrade or collapse due to a change in mechanical stimuli [3, 9, 10, 13] . Another commonly used defect-filling structure is trabecular metal [13, 14] . Trabecular metal augments are made of porous tantalum and are available in different shapes. However, additional reaming of the bone defect may be required to achieve a good fit of the augment. As an alternative to the Burch-Schneider cage and the required support structures, patient-specific implants are increasingly used for the treatment of large acetabular bone defects. Patient-specific implants have already proven their added-value in short-term patient outcome [15] . These implants can be designed as a cup with two or three flanges and a porous defect-filling scaffold. The personalized fit between the scaffold and the bone provides a large contact area for enhanced support and stability of the implant [16] . However, patient-specific implants are more expensive than standard available implants and are therefore limited to patients with few other options.
In general, implant stresses are known to have an impact on the implant's fatigue lifetime [17] . If the Von Mises stresses in an implant exceed the fatigue limit, the implant has an increased risk for breakage or fatigue failure after consecutive loading and unloading. Bone stresses on the other hand play a role in the bone remodeling process which subsequently may induce implant loosening [18, 19] . If the stress distribution in the bone deviates from the natural and healthy mechanical conditions, the bone has an increased risk for bone degradation [20, 21] . To evaluate implant designs and analyze implant performance under different loading conditions, finite element (FE) methods have been widely used [22, 23, 24] .
The goal of this study is to analyze if the effect of BurchSchneider cage support on the implant and bone stresses can be demonstrated by means of finite element analysis (FEA). Therefore, four scenarios are evaluated: first of all, the cage behavior is analyzed in a clinical case of a patient having a large acetabular bone defect of type Paprosky IIIB. Secondly, the Burch-Schneider cage is evaluated in a smaller acetabular bone defect which provides more bone support to the cage. Thirdly, a scenario is analyzed in which the large acetabular bone defect is treated with a cage in combination with a reinforcement plate. Surgeons may add such a reinforcement plate to provide some additional support to the cage. Reinforcement plates are mainly used in large uncontained bone defects or dissociations in order to avoid cage instability [11, 12, 25] . Finally, a healthy pelvis is evaluated as a reference model.
Materials and methods
The following finite element models were created in Abaqus (Simulia, 3DS, Paris, France):
1. Large defect model: a Burch-Schneider cage used in a large acetabular bone defect. The large bone defect only provides support to the flange regions of the cage and to a small part of the cup. 2. Small defect model: a Burch-Schneider cage used in a small acetabular bone defect. Additional bone behind the cup enlarges the contact region between cage and bone. 3. Plate model: a Burch-Schneider cage used in a large bone defect, but in combination with a reinforcement plate. Except for the plate, this model is exactly the same as the large defect model. The added reinforcement plate provides support to the posterior rim of the cage. 4. Healthy model: a model of a healthy hemi-pelvis that acts as a reference model.
Geometry models
The bone geometry of a 60-year old female patient (70 kg) was used in the finite element models. The left hemipelvis of the patient was dissociated and the acetabulum was completely degraded [26] . The defect was classified as Paprosky IIIB by the patient's surgeon. The 3D geometry of the bone (Figure 1a ) was segmented from the CT scan by the image processing software Mimics (Materialise N.V., Leuven, Belgium) [27] . In addition to the severely defected hemipelvis, a bone model with a small defect was artificially created. The artificial bone model was generated by manually decreasing the bone defect of the patient (Figure 1b) in the 3d modeling software 3-matic (Materialise N.V., Leuven, Belgium). The acetabular cup was partially reconstructed by focusing on the geometry of a healthy pelvis. Furthermore, a healthy bone model was generated by reconstructing the severe bone defect of the patient with a statistical shape model (Figure 1c) . Thus, three different bone models were developed, including a hemi pelvis with a large defect, a hemi-pelvis with a small defect and a hemi-pelvis with no defect.
In order to model the implant geometry, a Burch-Schneider cage of size 62mm (Zimmer Biomet, Warsaw, Indiana) and a 3.5mm dynamic compression plate (DePuy Synthes, Warsaw, Indiana) were optically scanned and processed by the software program 3-matic (Materialise N.V., Leuven, Belgium). The position of the Burch-Schneider cage on the bone was indicated by an experienced surgeon and was the same in the three models. The reinforcement plate was only present in the plate model. The surgeon positioned the plate on the posterior bone so that it provided support to the posterior rim of the cage (Figure 2 ).
FE model
The finite element modeling approach was based on studies in literature [28, 29, 30, 31] . As in these studies, a linear and static approach was applied. The bone geometries were meshed with linear tetrahedral elements of 2mm average edge length [28] . Each bone was modeled as a trabecular inner region (volume elements) with an E-modulus of 300MPa and a 1mm cortical outer shell (shell elements) with an E-modulus of 17GPa [28] . The Burch-Schneider cage and the reinforcement plate were both modeled with linear tetrahedral elements of 1 mm average edge length and an E-modulus of 110GPa (titanium). The contacts between plate and bone, and cage and bone were modeled as bonding contacts. In bonded contacts, no displacements are allowed in axial and tangential directions. This way of modeling the implant-bone interface is a simplification of the actual screw connection between bone and both implants. The screws on the cage and the plate only partially inhibit the tangential motions, mostly in the regions of the screws. However, since a compressive force is acting on the cage, the tangential motions will be limited and the connection can be approximated by a bonding contact.
All models were rigidly fixed at the pubic symphysis and the sacroiliac joint of the hemi-pelvis, indicated in Figure 3 [28, 32, 33] . According to Bergmann et al. [34] , an average hip joint experiences a peak load of 238% of body weight during normal walking. Therefore in all models a static load of 1800N (≈ 2.5 times body weight) was applied in the cup of the Burch-Schneider cage or in the acetabulum. The force was applied along the vector (0.13, -0.12, 0.98) in the pelvic coordinate system, which is in accordance with Bergmann et al. [34] 3. FE stress analysis To evaluate the failure risk of the Burch-Schneider cage, the Von Mises stresses in the cage and in the cortex were calculated. The fatigue strength of pure titanium for 10^7 cycles is 350-450MPa [35, 36, 37, 38] , depending on the precise material characteristics and the production process of the implant. If the maximum Von Mises stress in the cage approximates this fatigue stress, the cage has a higher risk for fatigue failure. The risk for bone degradation on the other hand increases when the stress distribution in the cortex deviates from the natural and healthy mechanical conditions [20, 21] . The Von Mises stresses in the healthy model were analyzed as a reference value.
(a) Hemi-pelvis of a patient with a Paprosky IIIB defect, (b) hemi-pelvis with an artificial defect derived from (a), and (c) healthy hemi-pelvis which is the reconstruction of (a).

Results
Figures 4 and 5 show the stress distributions by color plots and cumulative graphs for the four models. The Von Mises stresses are highest in the large defect model and lowest in the small defect model. To exclude high peak stresses caused by modeling errors, the 99th percentile value is reported for each model instead of the maximum value (Table 1) . The large defect model results in a 99th percentile value of 146.6 MPa in the cage and 73.5 MPa in the cortex. The small defect model shows a 99th percentile value of 43.9 MPa and 47.9 MPa in the cage and the cortex respectively. Adding a reinforcement plate to the large acetabular bone defect in the plate model gives a 99th percentile value of 93.1 MPa in the cage and 55.3 MPa in the cortex. In the healthy model, only the cortex stresses are assessed leading to a 99th percentile value of 37.6 MPa. The latter is used as a reference value for the stress distribution in a healthy pelvis.
The stresses in the cage are highest in the rim and the Figure 4a ). However, for all models the 99th percentile stresses in the cage are still within the fatigue limit of pure titanium. The large defect model shows the highest stress values. The 99th percentile cage stress in the large defect model is respectively 234% higher than the small defect model, and 58% higher than the plate model. Adding a reinforcement plate in the large bone defect reduces the 99th percentile stress in the cage by 37%. Furthermore, the cortex stresses in the large defect model, the small defect model and the plate model show a deviation of respectively 95%, 27% and 47% with respect to the healthy scenario. The small defect model thus most closely approaches the healthy pelvis.
Figure 4: Stress distribution plots of (a) a Burch-Schneider cage in a large acetabular bone defect, (b) a Burch-Schneider cage in a small acetabular bone defect, (c) a Burch-Schneider cage in a large acetabular bone defect in combination with a reinforcement plate and (d) a healthy pelvis
Discussion
Selecting a suitable treatment option for each patient is essential in order to avoid implant failure in hip arthroplasty. Clinical studies have reported that support beneath a Burch-Schneider cage has a large effect on the implant survival rate [6, 8, 9, 10] . This study investigated if the effect of Burch-Schneider cage support on the implant and bone stresses can be demonstrated by means of finite element analysis.
The FEA results indicated that support beneath the cage has a large effect on the stresses in the implant and the bone. A large support area beneath the cage limited the presence of peak stresses and resulted in a more equal stress distribution. The large bone defect in this study only provided support to the flange regions of the cage and to a small part of the cup. This limited support resulted in high stresses in both the implant and the bone. In the small defect model, the additional bone behind the cup enlarged the support region and so improved the force distribution. As a consequence, stress concentrations and peak stresses were reduced. In the plate model, little host bone was available to support the cage, but an extra reinforcement plate provided support to the posterior rim of the cage. This extra support protected the cage from excessive bending moment and reduced the high stress concentrations that were present in the large defect model. However, the additional support of the reinforcement plate did not fully compensate for the missing bone support.
Although the Von Mises stresses in the cage were below the fatigue limit for all models, some additional aspects should be considered. First of all, the current FE analyses only calculated the peak stresses during normal walking with a patient weight of 70kg. For heavier patients and more demanding activities, like running or stumbling, the loads on the pelvis can be 3-6 times as high [34] . Since this is a linear analysis, the stresses in the implant and the bone would increase in proportion with the applied force. Secondly, the fatigue performance of the cage also worsens when the surgeon preoperatively bends the flanges of the cage to fit the shape of the patient's bone. Plastic deformation in the flanges decreases the fatigue strength and therefore additionally reduces the fatigue lifetime of the cage. So despite the acceptable Von Mises stresses, the simplicity of the current FE models makes it difficult to make conclusions about the actual fatigue lifetime. However, the FE analysis does indicate that the large defect model has a higher risk for fatigue failure than the other two models. A cage should thus be sufficiently supported in order to avoid fatigue failure.
Besides implant stresses, cage failure was investigated by evaluating bone stresses. A change in mechanical loading of the bone with respect to the healthy situation affects the bone remodeling process [20, 21] . The bone surrounding the implant may degrade which subsequently leads to implant loosening. The deviation from the healthy scenario was largest for the large defect model. This indicates that the large defect model has the highest risk for bone degradation and implant loosening.
The outcome of this study corresponds with the findings in literature: sufficient support should be available for long-term stability of a Burch-Schneider cage [6, 8, 9, 10] . These findings were based on the relatively high failure rates of cages in Paprosky IIIB defects compared to smaller defects. Therefore, in large and uncontained bone defects defect-filling structures such as bone allografts and trabecular metal can be used to improve the cage support. Besides, patient-specific implants have already shown successful results in the treatment of large and challenging bone defects and should be considered as a potential alternative to the Burch-Schneider cage.
The main limitation of the current study is that it only involves a numerical analysis. Although some assumptions have been made regarding material properties, loading conditions and boundary conditions, the finite element results are in good agreement with other FEA results in literature. Philips et al. [30] describes an FE model of a healthy pelvis with loading and boundary conditions similar to the ones used in our models. The authors observe high stress concentrations at the superior rim of the acetabulum and towards the sacro-iliac joint with a maximum around 70MPa. Anderson et al. [28] reported a subject-specific finite element analysis of a healthy pelvis resulting in Von Mises stresses in the range of 0-44MPa for the cortex. The Von Mises stress distribution in our healthy model agrees with the results described in these previous stud-ies. Future finite element studies are required to investigate the effect of patient-specific modeling parameters and to improve the current modeling approach, specifically the boundary conditions, loading scenario and material properties. Moreover, experimental tests should be performed as a validation of the final simulation results.
Conclusion
The FEA results showed that support beneath the Burch-Schneider cage has a large effect on the stresses in both the implant and the bone. A large support area beneath the cage limits the presence of peak stresses and results in a more equal stress distribution. Specifically, in a large Paprosky IIIB acetabular bone defect the stresses in implant and bone were higher than in a small bone defect. Adding a reinforcement plate to posteriorly support the cage in the large bone defect decreased the stresses but did not fully compensate for the missing bone support. The high implant and bone stresses that occurred due to limited support regions caused an increased risk for fatigue failure and implant loosening. Hence to reduce the risk of implant failure, the surgeon should strive for optimal support.
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